[bookmark: _Hlk104326066]3GPP TSG RAN WG1 #112bis-e			R1-2303613
e-Meeting, April 17th – April 26th, 2023

[bookmark: Source]Agenda Item:		9.13.2
Source:		Qualcomm Incorporated
Title:				Receiver architecture for LP-WUS
[bookmark: DocumentFor]Document for:		Discussion and Decision
Introduction 
Following agreements have been made in RAN1#111.

	Agreement
Include the following in the LS to RAN4:
RAN1 kindly asks RAN4 to take RAN1 agreements into account, study at least the LP WUR architectures that RAN1 identifies and provide feedback, potentially considering the aspects including but not limited to:
· The reasonable assumption on adjacent channel selectivity (ACS) assumption for the study and the impact on the LP WUR architectures and signal design
· The impact of adjacent subcarrier interference suppression/rejection on the LP WUR architectures if LP WUS is multiplexed with other signals/channels in frequency, including e.g. 
· The necessity of guard band (if needed, the minimum guard band) between LP WUS subcarriers and adjacent subcarriers
· Whether it is feasible to have LP WUS location flexible within the carrier
· The feasible noise figure(s) for each type of LP WUR architectures
· Impact, if any, LP-WUS transmission on existing gNB emissions/compliance requirements
· The potential RF impairments to be considered include e.g. timing error, frequency error, image impact, LO leakage (DC offset) and flicker (1/f) noise
· Whether certain LP WUR architectures can support multi-band capability
· Note: RAN1 may or may not identify further architecture(s) for the study.
Include all agreements on 9.13.2. Mention that other agreements have been made in other AIs. Final LS is in R1-2212999.

Agreement
The following observation to be captured in TR38.869:
For the architecture with RF envelope detection,
· It can achieve relatively low power consumption due to the removal of LO/PLL.
· Interference suppression for adjacent channel interference requires very high-Q matching network and/or RF BPF, which is challenging due to the high Q values and may require off-chip components.
· Interference suppression for interference from legacy NR signals and/or other LP WUS on adjacent subcarriers, if performed in RF, requires very high-Q matching network and/or RF BPF, which is challenging due to the high Q values and may require off-chip components.
· The support of multiple bands and/or carriers may require multiple high-Q matching networks and/or RF BPFs or multiple off-chip components.
· RF LNA can be applied to improve sensitivity, with the cost of additional power consumption.
· The noise figure can be relatively high.

Agreement
The following observation to be captured in TR38.869:
For homodyne/zero-IF architecture with baseband envelope detection,
· For the support of band and/or carrier tuning, the band and/or carrier tuning can be achieved via tuning the LO frequency.
· The matching network and RF BPF for LP WUR may or may not reuse those of the main radio.
· It is more effective and less complex to use BB BPF/LPF instead of high-Q matching network and/or RF BPF to suppress adjacent channel interference or interference from legacy NR signals and/or other LP WUS on adjacent subcarriers.
· Using FLL instead of PLL consumes less power, but it may result in larger frequency error.
· It can suffer from LO leakage (DC offset) and flicker (1/f) noise. The impact may be alleviated by using BB BPF in some cases.
· RF LNA can be applied to improve sensitivity, with the cost of additional power consumption.
· The baseband envelope detection can be done in either analog domain (before ADC) or digital domain (after ADC).

Agreement
The following observation to be captured in TR38.869:
For heterodyne architecture with IF envelope detection,
· For the support of band and/or carrier tuning, the band and/or carrier tuning can be achieved via tuning the LO frequency.
· The matching network and RF BPF for LP WUR may or may not reuse those of the main radio.
· It is more effective and less complex to use IF BPF instead of high-Q matching network and/or RF BPF to suppress adjacent channel interference or interference from legacy NR signals and/or other LP WUS on adjacent subcarriers.
· Using FLL instead of PLL consumes less power, but it may result in larger frequency error. 
· The IF frequency can be properly selected to avoid LO leakage (DC offset) and flicker (1/f) noise.
· Image rejection can be done via either image rejection filter or image rejection mixer.
· Image rejection filter can be done in either RF or IF, which may require high-Q filter.
· Image rejection mixer requires two-branch (I/Q) mixing with good matching in gain and phase, which consumes additional power.
· RF LNA and/or IF AMP can be applied to improve sensitivity, with the cost of additional power consumption.



In this contribution, we discuss receiver architectures/considerations and related design target for LP-WUR.
Receiver Architectures Considerations

Considerations for LP-WUR

A receiver architecture can be characterized by aspects including sensitivity, power consumption, complexity, cost, RF requirements, implementation, etc. In this study, careful evaluation of these aspects is necessary since they have a large impact on the overall performance of modem system (not only LP-WUR but also main radio (MR), e.g., total power consumption including MR and LP-WUR).
· Sensitivity
· Sensitivity, measured in dBm, is the minimum received power that receiver needs to receive to meet a given performance target (e.g., PER, BER, throughput). The definition of reference sensitivity in [2] is given as follows. 
· The reference sensitivity power level REFSENS is the minimum mean power applied to each one of the UE antennae ports for all UE categories, at which the throughput shall meet or exceed the requirements for the specified reference measurement channel[2].
· UE with better sensitivity could receive weaker signal and decode it successfully. To support large cell site, receiver needs to have a good sensitivity performance.
· The sensitivity is slightly different for band and subcarrier spacing, but it is roughly around -100dBm/5MHz.
· Power consumption
· Power consumption of LP-WUR is one of the most important aspects to consider since it directly affects the battery life of device. Given that typical operation mode of device w/ LP-WUR assumes frequent monitoring of LP-WUS by LP-WUR, the power contributions added by LP-WUR is important determining overall battery life.
· Note that there is fundamental dependency between sensitivity and power consumption – which is observed throughout many different implementations/measurements. 
· Complexity/Cost
· Complexity/Cost are another important aspect to consider given that main use case of LP-WUR is IoT use cases typically using small form factor/low cost IoT device.
· Selectivity
· LP-WUR is typically assumed as a separate receiver than main radio, which requires itself to meet certain RF requirements such as interference rejection including interference from neighbouring RBs or adjacent channels (Adjacent Channel Selectivity).
· Implementation
· Implementation is also important aspect to consider. Given that LP-WUR could be used for IoT devices based on Redcap/eRedcap, whether there is any chance that existing implementation could be leveraged or not, whether certain implementation is easier than others are also worth to think about.
· Multi-band support
· Cellular systems support multiple different FDD/TDD bands in different geographical locations. As current NR UE supports operation in multiple bands, LP-WUR should be able to support that without incurring too much hardware impact. We see that choice of receiver architecture could have potential impact on RF front end, i.e., it is about whether LP-WUR can share RF front end or not.


Goal of Receiver Architecture Study

The goal of receiver architecture study is to investigate the feasibility of different receiver architectures and identify whether given receiver architecture can meet the performance targets of interest. This requires the understanding of the  trade-off among complexity/cost, power consumption, sensitivity, data rate, etc. Once feasibility is studied, then, RAN1 may use that information for system design for LP-WUS/WUR. Note that the outcome of receiver architecture study should not be used to mandate the implementation of certain receiver architecture.

Proposal 1: The goal of UE architecture study is to investigate the feasibility of different architecture options and identify whether they can meet 3GPP LP-WUR design target.

Receiver Architectures Options
In this section, we provide general description of receiver architecture options – IF architecture and RF envelop detector receivers.

Zero IF (Homodyne or Direct Conversion)
Zero Intermediate Frequency (ZIF) architecture also known as homodyne and dynamic conversion architecture, as shown in Figure 1, is one of the most well-known and widely used architectures in wireless modem. RF signal is directly converted to baseband and therefore signal is mostly processed in baseband. The motivation for this architecture mostly came from the need to have common baseband processing logics in the use case of supporting multiple bands. Having band specific signal processing capability is too costly especially for cellular use case where multiple bands support is needed.  Having a common baseband logic for different bands can reduce the complexity and cost of receiver. In addition to that, direct conversion to baseband does not require image rejection, which is otherwise required by additional RF circuitry.

Direct down conversion and processing in baseband introduces issues like DC offset and flicker noise; local oscillator (LO) could leak and results in self-mixing and DC offset accordingly. Flicker noise in baseband is another issue to be addressed.

Zero IF processes signal at baseband. Thus, LP-WUR can potentially share existing RF front end with main radio (MR), and selectivity could be achieved by filtering at baseband. This means the additional HW requirement is limited to baseband. This makes it easy to support multiple different bands, which is one of strong requirement in cellular system.
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[bookmark: _Ref115188277]Figure 1: Zero IF architecture

Advantages of ZIF
· Signal processing is much easier in BB than RF/IF.
· No image rejection filter is required.
· Easier to support multi bands.

Disadvantages of ZIF
· ZIF receiver experiences DC offset (LO leaks and self-mixing) problem.
· ZIF receiver experiences flicker (1/f) noise.

The Zero IF architecture requires high accuracy oscillator, which typically consumes larger power and other RF components. However, this architecture would probably be most close to modern wireless modem architecture, which allows one to think of leveraging existing implementation in main radio. Some of RF components can be shared or operated in different voltage to reduce power consumption. Due to higher requirement on clock accuracy, performance of Zero IF receiver is generally good.

IF (Heterodyne)
The IF (or low IF) architecture, shown in Figure 2, down converts RF signal to (low enough) IF stage and process it there. The IF is low enough so that IF circuitry and filters can be implemented in on-chip, yet high enough to avoid DC offset and flicker noise. Due to its similarity to zero IF, the zero IF architecture can be easily modified to Low IF architecture. Low IF architecture has very good sensitivity and selectivity which can meet tough requirements of 3GPP.

Due to the local oscillator (e.g., LC digitally controlled oscillator, LCDCO), low IF power consumption is relatively higher than other architecture choice. However, if LO phase noise, linearity, bandwidth requirement is reduced, significant power consumption reduction is possible.

Like ZIF case, for the similar reason, IF receiver can easily support multi bands; RFFE could be shared with MR and selectivity can be achieved at IF filter. Thus, we expect no impact on RFFE for IF receiver.
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[bookmark: _Ref115213909]Figure 2: Low IF architecture
Advantages of IF
· IF receiver can avoid DC offset and flicker noise problem.
· IF receiver has high sensitivity.
· IF receiver has high selectivity due to low IF BB filter.
· It is easy to configure Zero IF to Low IF.
· Easier to support multi bands.

Disadvantages of IF
· IF receiver still require image rejection.
· IF receiver has moderate power consumption due to LO.

The low IF architecture gets advantage of both Zero IF (homodyne) and IF (heterodyne). Although there is moderate power consumption requirement, high sensitivity and selectivity could be strong advantage meeting 3GPP RF requirements.



RF Envelope Detector (RF-ED)
RF envelop detection (RF-ED) architecture in Figure 3, or simply envelop detector, is tunned directly to RF frequency of interest and converts RF signal to baseband through envelop detector [3~5]. It is one kind of direct conversion, but the mechanism of conversion is different from that of Low/Zero IF architecture.  The most notable point of this architecture is the absence of LO, which is typically power hungry. The advantage of using architecture would be extreme low power consumption. It could be even implemented by passive components only.

The RF-ED architecture typically suffers from poor sensitivity. This is mainly due to the limited selectivity of BPF filtering out RF signal in high frequency. With the same Q factor (= center frequency / 3dB bandwidth of filter), it is more difficult to have narrow filtering in higher frequency. Due to this reason, large noise is captured by BPF and input to non-linear envelop detector. The input noise to energy detector is mixed with noise itself and signal due to its non-linearity, resulting in increased noise level in baseband. Thus, high Q BPF is necessary before energy detector. LNA before envelope detector help suppress noise. Flicker noise is another noise source to the poor selectivity of RF-ED architecture.

RF-ED receiver requires high Q RF filter to achieve selectivity and detect LP-WUS reliably. This means that high Q RF filter is required per band. Given that there are many different bands to support in cellular system, we see that there could be very high impact on RF front end to support RF ED receiver. We think it is desirable to reuse existing RF front end (RFFE) with main radio to minimize impact on HW.
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[bookmark: _Ref115213888]Figure 3: RF envelop detection architecture
Advantages of RF-ED
· RF-ED has no image rejection required
· RF-ED has no power-hungry LO and PLL, allowing very lower power consumption.

Disadvantages of RF-ED
· RF-ED has poor sensitivity
· It is hard to get good RF gain for RF-ED.
· Non-linearity of energy detector could be issue for RF-ED.

The RF-ED architecture can achieve the lowest power consumption among all receiver architecture. However, the lowest power is achieved at the cost of degraded sensitivity.

Observation 1:
· Degraded sensitivity of RF-ED receiver could limit the coverage of LP-WUS
· RF-ED receiver has difficulty in supporting multi band due to the necessity of band specific high Q RF filter, which is very difficult to achieve.

Proposal 2: Capture the following assessment for RF-ED.
· Degraded sensitivity of RF-ED receiver could limit the coverage of LP-WUS.
· RF-ED receiver has difficulty in supporting multi band due to the necessity of band specific high Q RF filter, which is difficult to achieve due to high impact on RFFE.

Comparison based on Equalized Data Rate/Sensitivity
In this section, we do comparison exercise of given two types of receivers. In doing that, we first equalize data rate, and then sensitivity to make fair comparison.

Receiver Sensitivity 

Receiver sensitivity is defined as the ability of a receiver to obtain the information from a weak signal. Typically, the sensitivity depends on multiple metrics including a target signal-to-noise ratio (SNR), which is a function of the data rate. Sensitivity is given as 

Sensitivity(dBm) =  ++  + 

wherein   is the thermal noise power spectral density in dBm/MHz,  is the noise figure of the receiver in dB, BW is the bandwidth in MHz, and  is the required signal-to-noise radio (SNR) to achieve a certain performance requirement. Figure 4 describes the sensitivity.
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Thermal noise level:  +
 ++ 
 ++  + 








The required SNR can be written in terms of average bit power and thermal noise power. That is, 



where  denotes the data rate. Hence, we have 
.

Using the linear relationship between sensitivity and data rate (), we made quick comparisons analysis of two receivers of choice for the following aspects.
· Sensitivity (coverage) when data rate is equalized.
· Data rate (power consumption) when sensitivity (coverage) is equalized.


Receiver Sensitivity with Equalized Data Rate

Table 1 shows the comparison of different receiver architectures from different sources. Note that they correspond to different implementation with different requirements in terms of data rate, sensitivity, and power consumption. Since sensitivity and data rate (power consumption) are in tradeoff relation, scaling sensitivities by equalizing data rate helps making this comparison as apple-to-apple comparison. From these (limited) data points, we can see that the Low IF receiver architecture has good sensitivity performance which is comparable to 3GPP reference sensitivity range. The power consumption of Low IF receiver architecture can be further reduced by duty cycling monitoring mechanism (which we further discuss in the next section).


[bookmark: _Ref115266453][bookmark: _Ref118379231]Table 1: Comparison of different architectures with equalized data rate
	Receiver type
	Low IF
	RF-ED

	Data rate, e.g., 
	2kbps
	200kbps

	DC power consumption, e.g., 
	1mW
	8.5uW

	Sensitivity, e.g., 
	-110dBm
	-73 dBm

	Pros
	Good selectivity/sensitivity, avoid DC offset/flicker noise
	No DC offset/flicker noise,
extreme low power

	Cons
	Image rejection req, moderate power
	Poor sensitivity

	Normalized Sensitivity @ 2kbps*
	-110dBm
	-93dBm



Observation 2: Low IF has better sensitivity (coverage) than RF-ED for the same data rate.




Data Rate (Power Consumption) with Equalized Sensitivity

Another interesting angle is to compare them w/ equalized sensitivity. Equalizing sensitivity requires the change of data rate, which can be mapped to different ON duration, and power consumption. Table 2 shows the first order comparison in terms of system overhead and power consumption to achieve the same sensitivity across two candidate receivers. 
· Row (b) is the sensitivity with equalized data rate from Table 1.
· Row (d) computes the WUS’s repetition factor Z to achieve the same sensitivity as Low IF. This repetition factor Z corresponds to the required WUS repetition in time domain in order to achieve the same sensitivity as that of Low IF. Assuming coherent combining of WUS across repetitions at RF-ED (whether coherent combining is possible or not depends on receiver design), we get Z=50 for RF-ED. We have Z=1 for Low IF by definition.
· Row (f) is the assumption on WUS monitoring cycle.
· Row (g) computes the power consumption under WUR cycle.
· Row (h) shows the normalized power w.r.t the power of Low IF. We see there is a big gap between schemes using duty cycling and schemes using always-on monitoring.

Observation 3: From the given analysis, the RF-ED receiver requires larger overhead (or lower data rate) than Low IF to achieve equivalent sensitivity (coverage).

Observation 4: From the given analysis, the RF-ED with always-on WUS monitoring scheme requires higher power consumption than Low IF to achieve equivalent sensitivity (coverage).


Table 2: WUS monitoring power comparison with equalized sensitivity
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	Receiver type
	Low IF
	RF-ED

	a
	DC power consumption, e.g., 
	1mW
	8.5uW

	b
	Sensitivity @ a rate R=2kbps
	-110dBm
	-93dBm

	c
	Delta sensitivity relative to Low IF @R=2kbps
	0
	17dB

	d
	Repetition (i.e., system overhead) of WUS, Z, to achieve low IF sensitivity 
	1 (no repetition)
	50 )


	e
	Data rate with equalized sensitivity
	2kbps
	2/50 = 0.04kbps

	f
	WUR monitoring cycle
	LP-WUS monitoring of Ton=10ms for every T=2.56 sec is equivalent to 0.4uW of additional average power consumption
	No

	g
	Power consumption under WUR cycle
	1 mW*Ton/T = 1mW*10ms/2.56sec = 3.9uW
	8.5uW 

	h
	Power relative to low IF to achieve the same sensitivity 
	1
	2.18




Receiver Architecture of Interest
The section provides the details of receiver architecture of interest, as shown in Table 3. Note that we can provide further details in the next meetings. For WUS design, see [10]. For evaluation of WUS, see [11].

Table 3: Details of receiver architecture
	Receiver Details

	Receiver architecture type
	Low IF w/ single IF stage or ZIF (Note that Zero IF architecture can be also used as low IF with minor modification [12])
[image: ]
For OOK based WUR, single branch is needed.
For OFDM based WUR, additional branch is necessary.

	Assumed modulation/waveform/coding
	OOK-based sequence embedded in OFDM, or 
OFDM-based sequence/CRC, see [10]

	Presence of a RF LNA / IF AMP / BB AMP, and the corresponding gain, if any
	Low power LNA
BPF for filtering out other bands’ signal
LPF for filtering out neighboring subcarrier interference in the same and adjacent channels (Digital filtering could be considered with multi bit ADC bit width.)
IF AMP for amplifying IF signal

	Local oscillator: Type of oscillator and the corresponding frequency accuracy/drifting
	Low power oscillator (e.g., LCDCO, ring oscillator, etc). This oscillator runs only when receiver is ON 

	Handling of time/frequency impairments
	Timing error can be calibrated based on detected periodic sync signal such as LP-SS (additional low power sync signal) for OOK and OFDM. The LP-SS should be designed such that it could be detected by the time domain OFDM based LP-WUR.

	Presence of PLL or FLL
	For single chain demodulation of OOK based WUS, FLL could be used for lower power consumption. For OFDM based WUS, higher accuracy is needed, and accordingly higher power consumption is expected with PLL.

	ADC: sampling rate, bit-width
	[4 bits or higher], see [10]

	Assumed signal bandwidth and guard band, and frequency location within a carrier (including whether it is fixed or can be flexible)
	Narrow WUS bandwidth could be helpful in achieving selectivity [12]. This comes at the cost of increased length of LP-WUS.
Having WUS close to the center of carrier could help meeting adjacent channel selectivity requirements [12]. However, this means less flexibility in the placement of WUS tx.
In principle, WUS design is better to be unified/scalable considering different use cases.
LP-WUS bandwidth should be smaller than Rel-17 Redcap and Rel-18 Redcap bandwidth.

	RF/IF/BB filter characteristics (e.g. type of filter, order, cut-off frequency/frequencies), if any
	RFFE could be shared between main radio (MR) and LP-WUR.
For IF/BB, [3rd] order Butterworth filter could be considered as a starting point.
Filter order, bandwidth depends on WUS design – bandwidth, location in carrier, etc.

	Baseband processing (e.g., sequence correlation detection / decoding, other signal processing, if any)
	Time domain sequence detection based on orthogonal OOK-based sequence or OFDM-based sequence. For longer payload design, CRC could be also considered.

	Assumed frequency band(s) and the support of band and/or carrier tuning
	In-band operation; WUS could be multiplexed with NR signal in the same band.
Multi-band should be supported.

	Duty cycle handling of WUS and other signals (if any)
	Yes

	Interference rejection capability (including both adjacent-channel interference and interference from adjacent subcarriers occupied by legacy NR signals or other LP WUS)
	Given that LP-WUR coverage would be similar to main radio, LP-WUR would experience similar level of interference as main radio. Therefore, it needs to meet similar set of requirements to reject interference.
LPF rejects interference from adjacent subcarriers by legacy NR signal, details depend on LP-WUS design – bandwidth, etc.

	Handling of inter-cell interference
	[TBD]

	Whether there is any mobility support function, e.g. measurement capability
	RRM measurement could be partially offloaded to LP-WUR in order not to wake up main radio for RRM measurement purpose.



We see that there is high dependency between receiver architecture and WUS design. Therefore, the discussion on receiver architecture should be done jointly with WUS designs.

In the following table, we summarize two high level design options – categorized based on waveform choice. The second option W2 (OFDM) could be further divided into time domain (TD) detection and frequency domain (FD) detection methods. The FD detection receiver would consume higher power due to FFT operation requires high frequency accuracy.

	
	Option W1
	Option W2
	Note

	LP-WUS
	Waveform
	OOK/FSK
	OFDM (Time domain (TD) detection, or 
Frequency domain (FD) detection)
	

	
	Target Coverage 
	Full coverage (comparable to PUSCH/PDCCH)
	Full coverage (easier to achieve than OOK)
	

	
	Data rate
	1kbps
	10.5kbps
	

	
	Resource overhead
	[4x ~ 8x]
	1x
	OFDM has benefit in terms of overhead

	
	LP-WUS monitoring
	Duty cycled ( ~ 1.28 sec)
	Duty cycled ( ~ 1.28 sec)
	

	
	Synchronization method
	LP-SS (new OOK based reference signal)
	LP-SS (for TD receiver)
SSS / PSS (for FD receiver)
	

	RRM
	RRM measurement
	Offloaded to LP-WUR (by spec)
	Offloaded to LP-WUR.
TD receiver requires spec support.
FD receiver can be done by implementation.
	

	LP-WUR
	Instantaneous power consumption target
	[4]
	[10 (or 20)]
This is assumption [Ref 1, 2, 3]
	

	
	Average power consumption
	[4] * [10ms] / 1.28sec
= [31]
	[10(20)] * [5ms] / 1.28 sec 
= [39(78)]
	On duration of 10ms/5ms are assumed.

	
	NF
	 [15] dB
	[9] dB
	

	
	Multi-band support
	Yes
	Yes
	

	
	Receiver architecture
	Low IF or DC with IF/BB filter
	Low IF or DC with IF/BB filter
No FFT of TD detection receiver.
FFT is required for FD detection receiver.
	

	
	Detection
	Envelop detection
	TD/FD sequence detection
	

	gNB
	New HW requirement
	Potentially new hardware is required to generate OOK/FSK signal embedded in OFDM signal.
	No new HW is required.
	

	[Ref 1] A 2.1mW -109dBm NB-IoT Wake-Up Receiver, 2021 : rx power 2.1mW
[Ref 2] A 55nm SAW-Less NB-IoT CMOS Transceiver in an RF-SoC with Phase Coherent RX and Polar Modulation TX, 2019 : rx power = 11mW
[Ref 3] A Low-Power NB-IoT Transceiver With Digital-Polar Transmitter in 180-nm CMOS, 2017 : rx power 25mW
 



Observation 5: RAN1 should jointly work with RAN4 for WUS design, and receiver architecture study, and understanding RF requirements.

Design Target
LP-WUR for WAN Application
The Rel-18 LP-WUS SI should target the study/design of wide area network (WAN) wake up signal/receiver. We see that most of past studies on LP-WUR in literatures were done in the context of local area networks (LAN) such as Bluetooth, WiFi, Zigbee, or proprietary solution. This seemed to be the good choice of target use case/application of LP-WUR study in literatures since typically LAN environment requires less strict requirements in terms of sensitivity, selectivity, clock accuracy, etc and in general system is much simpler than WAN cellular system. The power consumption numbers we see ranges from 1nW to hundreds of uW.

The WAN environment has tougher requirements; better sensitivity to cover larger cell size, high selectivity to handle various interference, higher clock accuracy for synchronized operation, etc. All these requirements require UE to use better RF component which potentially consume higher power. [9] shows the power consumption of 2.1mW for NB-IoT LP-WUR. Higher power consumption of LP-WUR for WAN application is no surprise. This is just natural design tradeoff between power consumption and performance. We think 3GPP should target LP-WUR design for WAN application.

Proposal 3: 3GPP RAN1 determines the design target of LP-WUR for WAN application.

Coverage Target 
The coverage requirement is one of that most important requirement of LP-WUR for WAN application. 

LP-WUR for WAN application requires full coverage. Many LP-WUR literature results show that they achieve very low power (e.g., tens of uW or even nW) consumption. These usually come at the cost of poor sensitivity (or coverage) than 3GPP requirement (which is ~100dBm/5MHz). If we bring this type of receiver design to 3GPP cellular system, then it will result in coverage mismatch between LP-WUS and other regular channels such as PDCCH, PUCCH, etc, see Figure 5. Then, naturally arising question is whether to accept such deployment scenario with coverage mismatch with lower power consumption or not. We see that having full coverage is desirable for following reasons.

· First, UEs in cell edge are struggling more with short battery life. This is natural consequence of longer-range support – higher tx power, lower data rate, etc. There is already imbalance in battery life between cell center UE and cell edge UE. Having LP-WUR for only cell center UE (i.e., mismatch case) will increase the battery life imbalance even further, resulting very uneven user experience in terms of battery life.
· Second, there are more UEs in mid/far cell(>60%) than cell center. UEs located in mid/far cell might not be able to enable the LP-WUR feature, which wastes the cost invested for this new feature. Given that the number of IoT devices are keep increasing, it is not very desirable situation from operator/customer point of view.
· Thirdly, wide coverage and mobility are the main reasons for using/choosing cellular wide area network (WAN) instead of local area network (LAN) technologies such as WiFi, Bluetooth, or Zigbee – which are the unique values that only cellular network can provide. Thus, it would be very important to carry over those values to LP-WUS design as well. If LP-WUS is designed to support only partial coverage, then, 3GPP Rel-18 LP-WUS will compete with 11ba, Bluetooth, Zigbee wake up signals in market – which is unintended.

Therefore, we think that supporting full coverage, i.e., providing similar coverage as other NR channel, is very important for this feature.

Proposal 4: RAN1 strives to design LP-WUS to have a similar coverage as NR [PDCCH] channel.
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[bookmark: _Ref115219402]Figure 5: LP-WUR UE deployment scenario: coverage mismatch case (left) and coverage match case (right)


Power Consumption and Duty Cycling
Power consumption is one of the important requirements of LP-WUR, which is affected by various factors, e.g., monitoring periodicity, sleep state, transition time, latency requirement, use cases, etc.

Duty Cycled Monitoring for Low Power Signals

For the IoT use cases requiring lower latency, it is expected that LP-WUR monitors WUS often enough to meet the latency requirement of given application. LP-WUR may monitor WUS either continuously or in duty cycled fashion. Although continuous monitoring can certainly achieve lower latency, most of practical applications may be good enough to have latency order of seconds – 1 sec, 2 sec for on-demand sensing/tracking/actuators. For this reason, duty cycled WUS monitoring would be good enough for these cases and can save power significantly. For example, 5 or 50mWms of instantaneous energy consumption every 2.56sec of WUS monitoring activity is equivalent to average power consumption of 2 or 20uW, see Figure 6. Thus, in terms of additional average power consumption, spending 1mWms every 2.56sec is not a big burden from power consumption perspective.
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[bookmark: _Ref115268082]Figure 6: Example of average power consumption for LP-WUS monitoring 

Observation 6: 50mWms of energy consumption for LP-WUS monitoring every 2.56sec is equivalent to 20uW of additional average power consumption.

Allowing instantaneous high-power consumption during short duration allows larger solution spaces in terms of receiver architectures/design, which gives flexibility in implementation. Furthermore, with the increased power budget, there is higher chance of meeting performance requirements such as full coverage, data rate, etc., enabling the LP-WUR for WAN application.

Observation 7: Duty cycling is effective method in achieving low average power consumption for R18 LP-WUR for WAN application, helping to meet tough cellular requirements.

Proposal 5: RAN1 supports duty cycling of WUS monitoring for LP-WUS monitoring for power saving.


RRM Offloading
When UE is operating in Idle/Inactive mode, RRM activity requires MR to wake up and monitor SSB to make measurements. This RRM measurement activity is necessary to support UE’s cell re-selection. It turns out the power consumption for the RRM activity takes significant portion in total power consumption, as shown in Figure 7 on the breakdown of power consumption.
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[bookmark: _Ref127284776]Figure 7: Breakdown of power consumption in Idle mode (good SNR condition)

The issue is that those RRM related activity should be performed by main radio. The switching MR state from sleep to awake for RRM measurements requires significant amount of transition energy. This is the bottleneck for power saving even after LP-WUS is introduced and MR moves to ultra-deep sleep state. Thus, to reduce total power consumption, it is very important to reduce the power consumed for RRM measurement activity by avoiding MR wakeup for possibly longer time duration. This can be achieved by offloading RRM measurement activity from MR to LP-WUR. For further details on RRM offloading, see [10].

Proposal 6: RAN1 support the offloading of RRM measurement activity from main radio to LP-WUR.

Conclusion
In this contribution, we have discussed different receiver architectures and considerations to be made in evaluating those architecture options. Given that receiver architecture has implications on WUS design, power consumption, deployment scenarios, it is important to first come up with design target and evaluate different architecture options. Coverage target could be a good starting point to consider given that it is highly related to the intrinsic values that cellular network provides – mobility and wide area coverage. We see that it is highly desirable to provide comparable coverage as other NR. We think full coverage and lower power consumption could be achieved through duty cycling WUS monitoring technique.

Proposal 1: The goal of UE architecture study is to investigate the feasibility of different architecture options and identify whether they can meet 3GPP LP-WUR design target.

Observation 1:
· Degraded sensitivity of RF-ED receiver could limit the coverage of LP-WUS
· RF-ED receiver has difficulty in supporting multi band due to the necessity of band specific high Q RF filter, which is very difficult to achieve.

Proposal 2: Capture the following assessment for RF-ED.
· Degraded sensitivity of RF-ED receiver could limit the coverage of LP-WUS.
· RF-ED receiver has difficulty in supporting multi band due to the necessity of band specific high Q RF filter, which is difficult to achieve due to high impact on RFFE.


Observation 2: Low IF has better sensitivity (coverage) than RF-ED for the same data rate.

Observation 3: From the given analysis, the RF-ED receiver requires larger overhead (or lower data rate) than Low IF to achieve equivalent sensitivity (coverage).

Observation 4: From the given analysis, the RF-ED with always-on WUS monitoring scheme requires higher power consumption than Low IF to achieve equivalent sensitivity (coverage).

Observation 5: RAN1 should jointly work with RAN4 for WUS design, and receiver architecture study, and understanding RF requirements.

Proposal 3: 3GPP RAN1 determines the design target of LP-WUR for WAN application.

Proposal 4: RAN1 strives to design LP-WUS to have a similar coverage as NR [PDCCH] channel.

Observation 6: 50mWms of energy consumption for LP-WUS monitoring every 2.56sec is equivalent to 20uW of additional average power consumption.

Observation 7: Duty cycling is effective method in achieving low average power consumption for R18 LP-WUR for WAN application, helping to meet tough cellular requirements.

Proposal 5: RAN1 supports duty cycling of WUS monitoring for LP-WUS monitoring for power saving.

Proposal 6: RAN1 support the offloading of RRM measurement activity from main radio to LP-WUR.
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